TIRF-based single molecule FRET measurements were previously carried out on the ankyrin repeat domain (ARD) of IκBα, the temporally-regulated inhibitor of canonical NFκB signaling. Under native conditions, most of the IκBα molecules show stable, high FRET signals consistent with distances between the fluorophors estimated from the crystal structures of the NFκB(RelA/p50)-IκBα complex. Similar high FRET efficiencies were found when either the IκBα molecules were free or in complex with NFκB(RelA/p50), and were interpreted as consistent with the crystallographically observed ARD structure. An exception to this was observed when the donor and acceptor fluorophors were attached in AR3 ( residue 166) and AR6 (residue 262). Surprisingly, the FRET efficiency was lower for the bound IκBα molecules (0.67) than for the free IκBα molecules (0.74) apparently indicating that binding of NFκB(RelA/p50) "stretches" the ARD of IκBα. We have now used confocal-based single molecule FRET studies to investigate this phenomenon in greater detail. Not only did the results recapitulate the apparent "stretching" of the ARD, but they also showed that the effect was more pronounced when the Nterminal domains (NTDs) of both RelA and p50 were present even though the interface between NFκB(RelA/p50) and IκBα encompasses only the dimerization domains. Mass spectrometrydetected amide hydrogen/deuterium exchange (HDXMS) experiments were also performed on IκBα, IκBα bound to dimerization domain-only constructs and bound to full-length NFκB(RelA/p50). Although we expected the "stretched" IκBα to have regions that exchanged more, instead the HDXMS experiments showed decreases in exchange in AR3 and AR6 that were more pronounced when the NFκB NTDs were present. Simulations of the interaction recapitulated the increased distance between residues 166 and 262 and also provide a plausible mechanism for a twisting of the IκBα ARD induced by interactions of the IκBα PEST sequence with positively charged residues in the RelA NTD.
INTRODUCTION
The NFκB pathway is one of the central regulators of inflammatory responses in virtually every type of animal cell. Since its discovery almost 30 years ago (1) , NFκB has been implicated in regulation of cell growth/proliferation, apoptosis and various stress responses and is misregulated in numerous disease states (2) . NFκB exists in the resting cell as a panoply of homo-and heterodimers of the NFκB family of proteins, RelA (p65), RelB, c-Rel, p50, and p52 bound to members of a family of inhibitor proteins (IκBs) (3) . The most well characterized inhibitor is IκBα which binds preferentially to p50/RelA heterodimers with picomolar affinity (4) . The full length IκBα is composed of three major regions: an N-terminal signal response region of ~70 amino acids, and ankyrin repeat domain (ARD) of ~220 amino acids and a Cterminal PEST sequence that extends from residue 275-317 (5) .
NFκB proteins all have a common structural architecture which consists of a Relhomology domain (RHD) and a transactivation domain. The RHD is composed of an N-terminal domain (NTD) followed by a short linker to the dimerization domain, which is responsible for dimerization of NFκB monomers and also serves as the binding domain for IκBs. The DNA binding site is centered at the small linker connecting the NTD and dimerization domain and DNA makes contacts with both the NTD and the dimerization domains when bound (6) . Structural studies of the NFκB(RelA/p50)-IκBα interaction include X-ray crystal structures of the NFκB(RelA/p50)-IκBα complex, determined by two independent groups (7, 8) . The IκBα structure in the complex (shown schematically in Fig. 1a ) includes six stacked ankyrin repeats (ARs) and a C-terminal PEST sequence. These crystal structures each captured only a portion of the entire complex, with the structure by Jacobs et al. capturing (in one molecule of the two in the asymmetric unit) the interaction between the RelA nuclear localization signal (NLS) (7) and with the structure by Huxford et al. capturing the interaction between the PEST sequence and the RelA DNA-binding region (8) .
Mass spectrometry, NMR spectroscopy, and single molecule FRET (smFRET) studies have all revealed flexible regions in free and NFκB-bound IκBα. Hydrogen-deuterium exchange mass spectrometry (HDXMS) revealed intrinsic disorder in the fifth and sixth ankyrin repeats (ARs) (9) , and revealed that this region of IκBα folds on binding (10) . NMR studies also suggested a folding upon binding process because cross peaks for AR5-AR6 were largely absent from spectra of the free protein (11) , but could be observed in the bound complex despite its much larger size (12) . These NMR studies also revealed that upon NFκB binding, cross peaks in AR3 weakened suggesting a transfer of flexibility between the AR5-AR6 region and AR3 upon complex formation (12) . AR6 in free IκBα was shown by smFRET studies to fluctuate on long timescales and these fluctuations were completely dampened by stabilizing mutations as well as upon NFκB binding (13) .
By placing the donor and acceptor fluorophors at various positions, information was obtained about the flexibility of each repeat with respect to others, and the results revealed that AR1 fluctuates in both the free and NFκB-bound states, whereas AR2 and AR4 never appear to fluctuate (14) . Fluctuations were observed when FRET pairs were placed at AR3 and AR6, but since fluctuations were also observed when the FRET pairs were placed at AR2 and AR6, these fluctuations were attributed to fluctuation of AR6 (14) .
In the initial smFRET study, an unexplained phenomenon was observed for IκBα molecules labeled at AR3 and AR6. The FRET efficiency of the high FRET ensemble actually decreased from 0.74 to 0.67 upon NFκB binding (Fig. 1b, c) (14) . This was an intriguing result because one would have expected the increased "foldedness" of the NFκB-bound IκBα ARD (10) to result in a higher FRET efficiency, but the opposite was observed. Assuming free rotation of the donor and acceptor fluorophor, this FRET efficiency corresponds to an increased distance of 3.3Å between the labels upon NFκB binding. The increased distance involving AR3 is consistent with the weakening NMR peaks in AR3 upon NFκB-binding and might be happening if some part of AR3 was "cracking" or becoming more dynamic in the bound state (15) . On the other hand, AR3 is part of the most tightly-folded segment (AR2-AR3-AR4) of the IκBα ARD, and cracking at this position would reveal a dramatic change in the folding energy distribution of the domain. To investigate this phenomenon further, we decided to perform confocal-based smFRET studies to sample shorter measurement time scales than were accessible by TIRF. The studies, which used different donor and acceptor dye pairs, and were carried out in solution rather than on immobilized protein, again showed apparent ARD "stretching". To investigate the role of NFκB in this phenomenon, we compared IκBα molecules in complex with either fulllength NFκB or molecules containing only the dimerization domains (NFκBdd). Deletion of the NTDs results in a modest 10-fold weakening of the binding affinity from 40 to 400 pM, but still allows formation of a tightly bound complex (4) . HDXMS experiments in which the effects of binding either full-length NFκB or NFκBdd were compared revealed only decreases in amide exchange throughout the ARD of IκBα. Simulations recapitulated the results of the smFRET and HDXMS experiments suggesting that binding of NFκB induces a subtly different "twist" in the IκBα ARD.
MATERIALS AND METHODS

IκBα purification and labeling for FRET
All seven cysteines in IκBα were replaced with serines by site-directed mutagenesis before introduction of cysteines at positions 128 and 262 (for AR 2-6) or 166 and 262 (for AR 3-6A) or 156 and 262 (for AR 3-6B) as already described (14) . Expression and purification of the IκBα constructs followed the protocols described previously (9) , except induction of expression was done with 0.2 mM IPTG for 16 hours. Immediately before labeling, IκBα was passed through a size exclusion column (S75, GE Biosciences) in labeling buffer [ In previous TIRF-based smFRET studies, the IκBα was labeled with Alexa Fluor 555 (Thermo Fisher catalog number A20346) and Alexa Fluor 647 (Thermo Fisher catalog number A20347) (R 0 of 51Å). For the confocal-based smFRET studies presented here, the Alexa Fluor 488-Alexa 594 dyes (Thermo Fisher catalog numbers A10254 and A10256 respectively) (R 0 of 60 Å) were used for compatibility with the laser and filter set-up. In addition, a new sequential labeling protocol was developed that achieved higher labeling efficiencies. First, maleimideconjugated Alexa 488 (donor flourophore, Life Technologies) was dissolved in anhydrous DMSO to a concentration of 1.5 mM and added to the protein solution to give a molar ratio of fluorophore:protein of 1:2. This substoichiometric labeling ratio was to minimize protein molecules with 2 donor flourophores attached. The reaction mixture was protected from light and incubated at room temperature for 15 minutes. Mono-labeled protein was separated from unlabeled and double-labeled on a MonoQ 5/50 GL column (GE Healthcare) using a gradient of 0-100% buffer B in 40 column volumes at a flow rate of 1 mL/min (Buffer A: 25 mM Hepes, pH 7.2, 50 mM NaCl, 1 mM EDTA; Buffer B: 25 mM Hepes, pH 7.2, 1 M NaCl, 1 mM EDTA). The mono-labeled fraction was re-concentrated to 50-100 μM and labeled as in the first reaction, but this time with maleimide-conjugated Alexa 594 (Acceptor flourophore, Life Technologies) at a fluorophore:protein ratio of 2:1. Unreacted fluorophore was removed using a PD10 gel filtration column (GE Healthcare) equilibrated in 25 mM Hepes, pH 7.2, 50 mM NaCl, 1 mM EDTA. Flourophore and protein concentrations were estimated by spectrophotometry at 280 nm (IκBα, ɛ IκBα = 12950 cm -1 M -1 ), 488 nm (Donor, ɛ A488 = 69000 cm -1 M -1 ) and 594 nm (Acceptor ɛ A594 = 73000 cm -1 M -1 ). The absorbance at 280 nm was corrected for donor leakage of 11% and acceptor leakage of 56%. Finally, the labeled protein was purified on an S75 gel filtration column (GE Healthcare) in 25 mM Tris, pH 7.5, 150 mM NaCl, 0.5 mM EDTA to remove any aggregates formed during labeling.
To check that the attached dyes were freely rotating, steady-state anisotropy experiments were performed on each IκBα protein labeled at position 128 or 262 (AR 2-6), or labeled at position 166 or 262 (AR 3-6) or labeled at position 156 or 262 (AR 3-6B) with either donor or acceptor purified as described above. Experiments were performed on the free and NFκB-bound IκBα proteins. The average anisotropy for the Alexa fluor 488-labeled proteins was 0.1 (ranging from 0.07-0.13 for the different label positions). The average anisotropy for the Alexa fluor 594-labeled proteins was 0.18 (ranging from 0.13 to 0.19 for the different label positions). No significant differences were observed for the NFκB-bound vs free IκBαs. These values, all under 0.2, indicate free rotation of the dye under all experimental conditions. The emission intensity was also measured for the IκBα protein labeled at position 128 or 262 (AR 2-6). The fluorescence intensity of the free protein did not change upon addition of either a 1.2x or a 10x concentration of NFκB indicating that quantum yields are not affected by NFκB binding.
NFκB purification
The N-terminal hexahistidine-NFκB (His6-p50 39-350 /RelA 19-321 ) full length heterodimer was co-expressed using the method described previously (12) and purified by nickel affinity chromatography (Ni-NTA Agarose, Qiagen, Valencia, CA, USA), cation exchange chromatography (Mono S column, GE Healthcare), and size exclusion chromatography (S200, GE Healthcare). The protein concentration was determined by spectrophotometry (ɛ NFkB = 43 760 M -1 cm -1 ). The N-terminal hexahistidine-NFκB (p50 248-350 /His6-RelA 190-321 ) dimerization domain heterodimer was expressed and purified in a similar manner, but omitting the cation exchange chromatography and with the size exclusion chromatography on an S75 rather than S200. The protein concentration was determined by spectrophotometry (ɛ NFkB-dd = 22900 M-1 cm-1).
smFRET experiments by confocal microscopy
Labeled IκBα was diluted to final concentrations of 250 pM in 25 mM Tris, pH 7.5, 150 mM NaCl, 0.5 mM EDTA in a PEG-ylated microscopy cuvette in the presence or absence of 2500 pM NFκB full length or dimerization domains. Donor and acceptor fluorescence signals were recorded by simultaneous two-channel data collection with a binning time of 500 μs using a home-built confocal single-molecule setup as described previously (16) . The leakage of donor emission into the acceptor channel (9%) and acceptor emission due to direct excitation (5%) were taken into account. A threshold of 40 counts (the sum of signals from the two channels) was used to separate background noise from single-molecule fluorescence signals. E FRET values were calculated from the corrected donor (I D ) and acceptor (I A ) fluorescence intensities:
The value of γ was approximated to 1 on the basis of our previous measurements (16) . FRET efficiency histograms were generated and the distributions were fitted to a Gaussian function using OriginPro 7.0 (OriginLab).
Hydrogen/deuterium exchange mass spectrometry measurements
HDXMS was performed as previously described (17, 18) with some modifications, using a Waters Synapt G2Si system with H/DX technology (Waters Corporation, Milford, MA). For initial peptide identification, the starting protein concentration was 15 µM whereas for HDX experiments the protein concentration was 5 µM. Exchange reactions were prepared using a LEAP H/DX PAL autosampler (Leap Technologies Inc., Carrboro, NC). The exchange reaction was initiated when 5 µl of protein (initial concentration of 5 µM) were mixed with 55 µl of deuterated buffer (25 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1mM DTT). For the experiments in the presence of NFκBs, a 1:1 molar ratio of IκBα:NFκB dimer was used. The proteins were allowed to equilibrate at 25 ºC for 5 min prior to the exchange reactions (0 -5 min deuteration times). Then, the exchange reaction was quenched for 2 min at 1 ºC using an equal volume of a solution containing 2 M GndHCl and 1% formic acid. The quenched sample was injected into a 50 µl sample loop, followed by rapid on-line pepsin digestion at 15 ºC using a custom-built column made with pepsin-agarose (Thermo Fischer Scientific Inc., Rockford, IL). Peptic peptides were captured on a BEH C18 Vanguard Pre-column (Waters Corporation), separated by analytical chromatography at 1 ºC (ACQUITY UPLC BEH C18, 1.7 µm, 1.0 x 50 mm, Waters Corporation) with a gradient of 7 -95% acetonitrile in 7 min, where both mobile phases contained 0.2% formic acid, and peptides were electrosprayed into a Synapt G2-Si quadrupole time-of-flight mass spectrometer (Waters Corporation). The mass spectrometer was set to MS E -ESI+ mode for initial peptide identification and to Mobility-TOF-ESI+ mode to collect H/DX data. The mass range was set to 200 -2,000 (m/z), scanning every 0.4 s. Infusion and scanning every 30.0 s of leu-enkephalin (m/z = 556.277) was used for continuous lock mass correction. Peptides were identified and the MSMS fragments were scored using the PLGS 3.0 software (Waters Corporation). Peptides with a score over 7 were selected for analysis if their mass accuracy was at least 3 ppm and were present in at least two independent runs. Deuterium uptake was determined by calculating the shift in the centroids of the mass envelopes for each peptide compared with the undeuterated controls, using the DynamX 3.0 software (Waters Corporation). The amount of deuteration was corrected for back-exchange (~34%) based on a full-deuteration control.
Molecular Dynamics Simulations
All the simulations were carried out using the LAMMPS simulation package (19) , in which the AWSEM force field, which is a transferable coarse-grained protein model, has been implemented (20) .
In the coarse-grained scheme of AWSEM, each amino acid residue of a protein is simplified so as to be described by three beads: Cα, Cβ, and O atoms (glycine is an exception due to its lack of a Cβ). Assuming an ideal geometry for the peptide bond, the positions of all the rest of atoms in the backbone can be calculated so stereochemistry is quite accurate unlike a Cα only model. The energy function of the standard AWSEM26 can be schematically written as follows.
(Equation 1) In Eq. 1, V backbone refers to the force field that maintains backbone geometries of protein chains while V non-backbone includes physically motivated potentials that reflect the protein's chemical and/or physical properties in the context of protein secondary and/or tertiary interactions. These two energy terms are completely transferable among different proteins. The term V FM (FM denotes "fragment memory") uses the similarity in local sequence to encode local structural tendencies using structures of peptide fragments available in the Protein Data Bank (PDB). In the following, we shall describe the above energy terms in more detail. V backbone consists of five terms, V backbone = V con + V chain + V χ + V rama + V excl , which refer to terms fixing the connectivity of the chain (V con ), the bond angles around the Cα atom (V chain ), the chirality for the correct orientations of the Cβ atoms (V χ ), the backbone dihedral angles (V rama , Ramachandran potential), and the excluded volume interaction (V excl ), respectively. Note that V con and V chain are functions of the distances constrained by a combination of harmonic potentials.
V non-backbone includes three terms, V non-backbone = V contact + V burial + V helical . V contact refers to the contact interactions of a protein's tertiary fold. It is defined by specifying the Cβ-Cβ distances that are far apart in sequence. The contact potential includes both direct and water (or protein) mediated interactions between the residues. V burial is a non-additive potential that considers the preference of a residue to be buried inside the protein or to be exposed at the protein surface; this preference depends on residue-type. V helical is associated with the propensity for forming helical structure, which requires the formation of an explicit hydrogen bonding between carbonyl oxygen of residue i and amide hydrogen of residue i+4 in the backbone. This helical propensity also depends on residue-type.
The use of V FM biases local structure to resemble the local structures of protein fragments with closely related local sequence. This term draws from a database of short fragments called the "fragment memory" library. The strategy here has been used in various forms (21) and resembles the associative memory Hamiltonian of neutral network models (22) . The fragment memory term takes into account local steric effects of side chain packing that are modulated by the local sequence of proteins. This form of associative memory term has been successfully combined with the physically-based interactions to provide de novo structure prediction of protein tertiary fold (20, 23, 24) . In this study, only the information of the native protein itself was used to obtain the fragment memories, biasing/funneling the local energy landscape towards the crystal structure. Such single memory AWSEM simulations pinpoint the effects of physical forces on the folding and binding landscapes. More detailed descriptions of all the energy terms mentioned above can be found in the original AWSEM paper (20) and the supplemental information therein.
A model of the solution structure of the full-length NFκB -IκBα structure was obtained by overlaying and merging pdb files 1NFI (RelA, p50dd, IκBα), 1IKN (RelA, p50dd, IκBα), and 1LE9 (p50 NTD) (NFIKN). The simulation protocol was used to generate an ensemble of lowenergy structures of each structure (free IκBα, and two NFκB -IκBα complexes, one with only dimerization domains for RelA and p50, and the other with both NTD and dimerization domains for both proteins). A canonical ensemble was adopted for the system using a Nose-Hoover thermostat to control the temperature. We started from the native structure, and equilibrated it at 300 K over 6 million steps with a Langevin thermostat. This corresponds with approximately one microsecond of physical time.
RESULTS
FRET Efficiencies observed in IκBα labeled at AR3 at residue 166 and AR6 at residue 262 using confocal detection recapitulate TIRF measurements
We previously measured smFRET efficiencies (E FRET ) in free and bound IκBα labeled at AR3 residue 166 and at AR6 residue 262 (AR3-6) with Alexa Fluor 555 and Alexa Fluor 647 fluorophores. Although approximately 20 percent of the single molecule traces showed some fluctuation in the FRET signal, if we consider only the stable, high FRET signal, the average E FRET in the free protein was 0.74 (Fig. 1B, Table 2 ). For the protein labeled at AR2 residue 128 and AR6 residue 262, the E FRET was 0.78 (14) . Using the R 0 for this dye pair of 51Å, an E FRET of 0.74 translates to a distance of 42.8 Å, slightly longer than the distance between the AR3-6 cysteine sulfur atoms of 38.5 Å measured in the crystal structures of the NFκB-bound IκBα (7, 8) of the complex. The slightly longer distance is expected due to the linkers between the fluorophors and the maleimide attachment sites, estimated to be 5 Å based on previous modeling of similar dyes with similar linkers (25) . The measured distance of 42.8 Å is therefore very close to the predicted distance for the NFκB bound state of 43.5 Å ( Table 1) . The E FRET of the IκBα AR3-6 bound to NFκBdd was also measured by TIRF and found to be 0.67 (Fig. 1c, (14) ) corresponding to a distance of 45.3 Å, some 2.5 Å longer than in the free protein.
To investigate this phenomenon further, and to obtain more statistically significant data, confocal studies were carried out using a different dye pair and optimizing labeling efficiencies (see Methods). Whereas several hundred molecules are typically measured using TIRF approaches, data from several thousand molecules are typically averaged in confocal-based measurements. Using the Alexa 488-Alexa 594 dye pair (R 0 of 60 Å), the E FRET measured for the free IκBα labeled at the same residues as before, residue 166 in AR3 and at residue 262 in AR6 (AR3-6), was 0.85 ± 0.03, corresponding to a distance of 44.9 ± 1.7 Å (Fig. 2A, Table 2 ). A gradual decrease in E FRET was observed upon binding of the dimerization domain-only construct of NFκB to an E FRET of 0.80 ± 0.05 and further decreased upon binding of full-length NFκB to an E FRET of 0.69 ± 0.03 (Fig. 2 B and C, Table 2 ). Therefore, the distance between the FRET dye pair in IκBα (AR3-6) increases from 44.9 Å to 52.5 ± 2.2 Å, an increase of 7.6 Å upon binding full-length NFκB.
In previous NMR experiments, we had observed the weakening of cross peaks for some residues in AR3 upon NFκB binding (12) . Since residue 166 was near the region where we observed weakening cross peaks, an effort was made to label AR3 at a different site. The only site that could be labeled resulting in stable protein was residue 156. The distance between this residue and residue 262 in AR6 is much shorter, only 29.8 Å. A full confocal FRET study was completed on this labeled protein, both bound and free, however, the observed E FRET was always 0.95. Since the distance was so short, the FRET was, as expected, insensitive to small distance changes.
Comparison of IκBα labeled at AR2 (residue 128) vs. AR3 (residue 166) and AR6 (residue 262)
To determine whether this perceived "stretching" extends to AR2, the E FRET of bound and free IκBα labeled at AR2 (residue 128) and AR6 (residue 262) was also measured. In this case, the E FRET of the free IκBα was 0.83 ± 0.01 (Fig. 2 d) , corresponding to a distance of 46.0 ± 0.55 Å (Fig. 2a, Table 2 ). Again, a gradual decrease in E FRET was observed upon binding of the dimerization domain-only construct of NFκB to an E FRET of 0.79 ± 0.01 and further decreased upon binding of full-length NFκB to an E FRET of 0.76 ± 0.02 ( Fig. 2 e and f) . Therefore, the distance between the FRET dye pair in IκBα (AR2-6) increases from 46.0 Å to 49.5 ± 1.3 Å, an increase of 3.5 Å upon binding full-length NFκB. Thus, an apparent "stretching" was also observed from AR2 to AR6, although it was not quite as pronounced as for AR3-6. We note that the TIRF measurements were only performed with the dimerization domain-only construct of NFκB, and no significant difference in E FRET was previously reported for the AR2-6 labeled protein (13) .
Observation of changes in amide exchange upon "stretching" IκBα by HDXMS
Given the weakening cross-peaks in AR3 observed upon NFκB binding by NMR (12), we thought it likely that the perceived "stretching" was the result of dynamic local unfolding of some part of the IκBα ARD. To test this hypothesis, amide exchange in IκBα was measured by mass spectrometry (HDXMS). We had previously reported HDXMS results for free and NFκB-bound IκBα detected by MALDI-TOF, but in these experiments, coverage of key regions of AR3 was not obtained (9, 10) . Using a Synapt G2Si instrument run in Mobility-TOF mode, we were able to achieve nearly 100% sequence coverage (Suppl . Fig 1) . The data collected on the Synapt were completely consistent with previous results (Suppl . Fig 2) , but also revealed subtle differences in exchange of NFκB-bound IκBα. In particular, residues 158-176 in AR3, residues 242-276 in AR6, and residues 278-287, the PEST region showed decreased exchange in the presence of the dimerization domain-only constructs, but an even greater decrease in exchange in the presence of the full-length NFκB (Fig. 3) .
Molecular Dynamics simulations suggest two possible causes of the increased distance between residue 166 and 262 (d 166-262 )
To probe the structural details of the NFκB-IκBα complex, we performed coarse-grained molecular dynamics simulations using the AWSEM energy function, which is known to accurately predict protein monomer and dimer structures (20, 26) . The speed and the accuracy of the coarse-grained model would allow the widest exploration of conformational space, where the twisting and/or stretching of the entire folded structure may not be visible with the limited sampling available with all atom approaches.
Consistent with the trend we see in the experiments, the distance between the Cβ atoms of residue 166 and 262 (d ), varies when the binding partner differs. The interaction between the dimerization domain of NFκB and the 3 rd through 6 th repeat of IκBα contributes partly to the increase of d . When IκBα is bound to the NLS region, but not tightly bound to the dimerization domain, the distributions of d are almost identical to that of the Free IκBα (Fig. 4A, B) . When IκBα is tightly bound to both NLS and the dimerization domain (as assessed by Q interface > 0.6), the mean distance between the residues to which the FRET dyes are attached becomes longer for the IκBα bound to dimerization domain only NFκB and even longer when bound to full-length NFκB (Fig. 4C, D) . This further stretch is pronounced in the subset of molecules in which the PEST is interacting with the NFκB RelA NTD (Fig. 4E, F) .
DISCUSSION
Converting smFRET results into molecular distances is an in-exact science, but progress has been made, particularly when the FRET dye pairs are attached to the macromolecule by relatively long linkers, and when relative distances are compared based on multiple attachment sites, as we have done in this study. Here, we also compared measurements carried out by TIRF microscopy to measurements using confocal microscopy. For the TIRF-based experiments, the molecules are immobilized (27) and generally fewer molecules are interrogated for longer periods of time. In confocal-based studies, the molecules remain in solution (28) , and more molecules can be interrogated, but for much shorter times. Typically, better statistics can be obtained from confocal measurements (29) . The comparison of data from confocal and TIRFbased smFRET approaches presented here improved confidence in the observations. Despite different dye pairs, different solution conditions, and different microscopy-based approaches, a surprising decrease in the E FRET values between dye pairs in IκBα labeled at AR3 and AR6, and to some extent also between AR2 and AR6, was observed upon NFκB binding in every experiment. The observed decrease in E FRET was consistent with an increased distance of over 5 Å between the dye pairs upon full-length NFκB binding. It is interesting to compare the distances calculated from measured E FRET values with the distance between the labeling sites estimated from the crystal structures of the NFκB -IκBα complex (7, 8) . Estimates for the average distance between the dye and the labeling site were obtained for similar dyes with similar linkers using molecular dynamics simulations (25, 30) . Surprisingly, the distance estimates obtained from the crystal structures were closer to the distances calculated from the E FRET value measured in free IκBα rather than in bound IκBα. The distances measured in the IκBα bound to full-length NFκB were longer than what seemed possible based on the crystal structure. Thus, it appeared that the IκBα ARD adopts a structure that is more extended than that observed in the crystal structures. It is interesting to speculate that because the molecules are packed end-on-end in the crystals, crystal packing forces may have compacted the structure. In addition, only the RelA NTD was present in the crystal structures. Indeed, molecular dynamics simulations predict that the most stable structure had a different twist and bend of the ARD resulting in a longer distance between the dye pairs than was calculated from the starting model based on crystal structures (7, 8) (Fig.  4) .
To examine whether the "stretching" involved local unfolding of AR3, as we had previously predicted (12) , amide exchange was measured in free and NFκB-bound IκBα. The HDXMS results showed no evidence of local unfolding of AR3, in fact, binding of NFκB caused a decrease in amide exchange in AR3, and this decrease was more pronounced upon binding of full-length NFκB. Taken together, the results suggest that binding of NFκB subtly alters the structure of IκBα, perhaps causing a slight twisting or bending of the ARD to increase the distance between the N-terminal repeats (AR2, AR3) and AR6. As previously reported, AR5 and AR6 showed dramatically decreased amide exchange upon binding of NFκB (10) . The decrease in amide exchange within AR5 was the same regardless of whether the NFκB was full-length or only the dimerization domains. In contrast, AR6 showed a larger decrease in amide exchange upon binding of full-length NFκB as compared to the dimerization domain-only construct (Fig.  3) . We previously observed that mutations within IκBα AR5 and AR6 result in chemical shift changes in AR3 (11) . Thus it appears that the exact structure of AR3 is sensitive to the conformational state of AR5 and AR6. Indeed, our molecular dynamics model of the lowest energy conformation of NFκB-bound IκBα shows deviations from the starting structure mostly in AR3 and AR6.
The binding affinity of the complex between IκBα and full-length NFκB(RelA/p50) is extremely high, 40 pM at 37 o C and immeasurably tight at 25 o C (4). Nearly all of this binding affinity is due to interactions with the dimerization domains of the RelA/p50 heterodimer. Deletion of the NTDs weakens the binding to 400 pM (4) . Even though the NTDs only contribute 10-fold to the binding affinity, they appear to contribute to the final bound structure of IκBα as assessed by HDXMS data. We had previously shown that IκBα AR5 and AR6 have fully exchangeable amides in the free protein, but NFκB binding dramatically decreases amide exchange indicative of folding on binding (10) . We now show that additional decreases in amide exchange in IκBα AR3, AR5, and AR6 are observed when the NFκB NTDs are present. Thus, amide exchange appears to be a sensitive read-out for optimal folding of the IκBα ARD. Using amide exchange as a read-out of protein "foldedness", our results are consistent with the idea that optimal folding of the entire IκBα ARD is only achieved upon binding of full-length NFκB, perhaps explaining why optimal binding affinity also requires full-length NFκB. The congruence of optimal folding throughout the IκBα ARD being required for optimal binding is consistent with the hypothesis that the energy of folding the IκBα ARD contributes to the very high binding energy of the complex (31) .
According to the simulations, the optimal twist/stretch of the IκBα ARD in the solution structure of the NFκB-IκBα complex appears to be attained upon interaction of AR3-6 with the dimerization domain as well as upon interaction of the PEST region with the NTD of NFκB RelA. Both interactions contribute to the final tightly bound structure which recapitulates the observations from the smFRET data. NMR evidence suggested a direct interaction between the negatively charged DEE residues in the PEST and positively charged residues R30 and R33 in the RelA NTD (32) . The PEST region dramatically changes configuration between the starting model and the energy-optimized model of the NFκB-IκBα complex. It is likely that crystal packing forces and the absence of the p50 NTD in the crystal structures both contribute to the fact that the PEST-NTD interaction was not observed crystallographically. We are pursuing a combination of molecular dynamics simulations, cryoEM, and SAXS experiments in order to obtain a better understanding of the complete structure of the NFκB -IκBα complex in solution.
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